This paper presents optimal shape design of planar array antennas for microwave energy harvesters. The topology optimization of the C4-symmetric array antenna is conducted to maximize their isotropic gain and minimize the return losses in a frequency band ranging from 1.5 to 3.5 GHz. Then, we design the rectifier by varying the circuit parameter based on measurement results to realize the impedance matching between the optimized antenna and rectifier. It is shown by experiment that the harvester composed of the optimized array antenna and rectifier has higher receiving voltage in comparison with the single one. Moreover, the resultant harvester is found to start operating when the arrival electric field is greater than 0.1 V/m.
Introduction
In recent years, wireless sensors have attained great attentions for monitoring health and safety conditions of infrastructures such as bridge, tunnel and rail ways. When wireless sensors have batteries as their power supply, it is laborious and expensive to replace huge number of the batteries in the sensors distributed in environment. Therefore, wireless sensors which can operate autonomously are required.
The microwave energy harvesting devices which absorb energy from ambient microwaves are promising for the energy sources of the wireless sensors [1] [2] [3] . The microwave energy harvester is composed of a receiving antenna and rectifier. Arrival microwave is received by the antenna and the rectifier converts the received microwaves into DC power. To develop the high-efficiency microwave energy harvester, the antenna shape and circuit parameters are optimally designed.
For efficient power generation, the authors have developed the spiral antenna as well as C4-symmetric antenna whose shapes are determined by parameter and topology optimizations, respectively [4] . It has been found that the C4-symmetric antenna has better characteristics. We expect that the performance would be further improved by arraying C4-symmetric antennas.
In this study, we develop a microwave harvester which includes an array antenna composed of four identical C4-symmetric antennas. The shape of the C4-symmetric antenna is determined by topology optimization using the micro genetic algorithm (GA) [5] to realize high-gain and wideband characteristics. The performance of the antenna is computed by FDTD method [6] . For comparison, a single C4-symmetric antenna is also developed by topology optimization. We here focus on energy harvesting from microwaves generated by a wireless rooter using the optimized antenna, whose frequency is assumed to be 2.45GHz. We determine the size of the rectifier and stub length so that it is matched to the antenna at 2.45GHz by varying the circuit parameter based on measurement results. We test the performance of the developed microwave harvester by experiments.
Antenna analysis for array antenna
The frequency characteristics of antennas are computed using FDTD method [6] in this study, which allows us to effectively compute the frequency characteristics in a wide band. Let us consider the Maxwell equations
where E, H, J, μ and ε are electric field, magnetic field, current density, permeability and permittivity, respectively. Equation (1) is discretized with the FDTD method where time and space derivatives are approximated by central finite differences. In this study, the antenna is printed on a dielectric substrate whose relative permittivity and thickness are set to 4.4 and 2.0mm, respectively. The Gaussian pulse is fed at the feeding port of the antenna and its input impedance is computed from the Fourier transform of the input voltage and current as follows:
where Vin(t) and Iin(t) are the feeding voltage and current obtained by the FDTD analysis. For analysis of the array antenna, Gaussian pulses are fed simultaneously at the feeding points of each antenna to consider the interference each other. The other conditions in FDTD analysis are summarized in Table I .
Topology optimization method of wideband array antenna using NGnet
For the topology optimization, we represent the antenna shape with a linear combination of the normalized Gaussian functions given by [8] 
where Gk(x) and wi denote the Gaussian function and weighting coefficient, respectively (see Fig. 1 ). To express the C4-symmetric shapes, we introduce the unit region, symbolized by "F", and the centers of 81 Gaussian functions are uniformly deployed so that the domain is covered by the support of the Gaussians as shown in Fig. 2(a) . The antenna shape in the unit region is determined by optimizing the weighting coefficients wi in (3) using GA. The edge length of the FDTD cubic cell is set to 1mm. The antenna is modeled as a perfect conductor in the FDTD computation. The state se of each FDTD-cell at its center xe is determined from y as follows: 
A C4-symmetric antenna is modeled by introducing point symmetry around the feeding point surrounded by four unit regions as shown in Fig. 2(b) and (c). The array antenna is composed of four C4-symmetric antennas. For comparison, the single C4-symmetric antenna is also considered as shown in Fig.2(c) . The standard deviations of Gi are set to 24/16 mm and 50/16mm for the topology optimization of the array and single antenna, respectively. 
Optimization problem
The antenna shape is optimized to maximize the isotropic gain Giso in consideration of mismatch losses between the antenna and circuit over the frequency band ranging from f0 to f1. For this purpose, we introduce the actual gain Gactual to define the optimization problem as follows:
where Zin( f ) is the input impedance of the antenna. In the optimization, f0, f1 and Z0 are set to 1.5GHz, 3.5GHz and 50, respectively. The gain and input impedance are computed by the FDTD method. We use GA [5] to solve the optimization problem (6) , in which the number of individuals is set to 8 and the optimization processes are continued for 100 generations. In this setting it takes about 4 days to obtain the final results using the Intel Xeon CPU (2.4GHz, 8cores).
Optimization results for wideband antenna
The resultant shapes of the optimization are shown in Fig. 3 and the return losses between the optimized antenna and 50 resistance are shown in Fig. 4 where the numbers from 1 to 4 represent the position of antennas in the array antenna. Their actual gains are also plotted against frequency in Fig. 5 . It is indicated in Fig. 4 that the return losses of the array antenna are less than -10dB over the target frequency range while the single antenna has larger mismatch losses. It is found from Fig. 5 that the actual gain of the optimized C4-symmetric array antenna is higher than that of the single antenna, and the former is more than 5dBi over the target frequency range.
We evaluate the power received by the array antenna illuminated by plane waves using FDTD analysis. In the analysis, the frequency of the plane wave and electric field intensity are set to 2.45GHz and 10V/m, respectively. To consider the effect of the impedance matching between the antenna and circuit, the feeding port is loaded with resistance of 50Ω. The voltages induced at the load resistances are shown in Fig. 6 where the received voltage of the array antenna is the linear sum of the voltages induced by four C4-symmetric antennas. We find that the amplitude of received voltage of the array antenna is about 1.7 times higher than that of the single one. Accordingly, the received power is increased by about 3.0 times by using the array antenna.
Measurement results

The frequency characteristics of the optimized antennas
The computed and measured frequency characteristics of the input impedances Zin of the array and single antennas are plotted in Fig. 7 . They are printed on the dielectric substrate made of FR-4 and we used E5061B Network Analyzer for measurement. From these figures, we find that there are some discrepancies between the computed and measured profiles. These discrepancies would mainly be attributed to the manufacturing error and unexpected losses of the dielectric substrate. Then, we design the rectifier considering impedance matching to the optimized antennas at 2.45GHz based on these measurement results. (a) Array (b) Single Fig. 7 . Measured input impedance of each antenna.
Design of rectifier
For the rectifying circuit, we employ the single-stage full-wave Greinacher rectifier [9] shown in Fig. 8 . For the diodes, we employ HSMS285x zero-bias Schottky-barrier diode [10] and the capacitance is set to 100pF. In this study, the open stabs are add to this rectifier (see Fig. 8(b) ) and we determine the overall size of the rectifier and the stab length l by trial and error to have impedance matching between the antenna and rectifier at 2.45GHz. It is found that the array and single antenna have the minimum return losses when l is 15mm and 8mm, respectively. The measured return losses between the each antenna and designed rectifier are shown in Fig. 9 . From the figure, both return losses at 2.45GHz are lower than -20dB.
Radio reception experiment
The manufactured microwave harvester composed of the array antenna and the rectifier circuit printed on the back side is shown in Fig. 10 . The harvester which contains the single antenna is also developed. They are printed on the same dielectric substrate (FR-4). The microwave radiated by the horn antenna is received by these harvesters as shown in Fig. 11 . The distance between the harvesters and the transmitting horn antenna is set to 50cm and the frequency of microwave is set to 2.45GHz.
The measured output voltages of the rectifier is plotted versus the input electric field evaluated from Friis formula in Fig. 12 . It is clearly seen from Fig. 12(a) that the output voltage of the harvester with the array antenna is higher than that with the single one. For example, when the electric field intensity E is 10V/m, the former output voltage is about 1.5 times higher than that of the latter. These results are consistent with the analysis results. From Fig. 12(b) , it is found that when the electric field strength is larger than about 0.1 V/m, both harvesters can work. This suggests that these harvesters can get power from the microwaves radiated by usual rooters in indoor environment [7] . 
Conclusions
In this paper, we have presented optimal antenna design for microwave energy harvesters. The shapes of the array and single antenna have been determined so that the actual gain is maximized. Actual gains and return losses from 1.5GHz to 3.5GHz of optimized C4-symmetry array antenna are more than 5dBi and less than -10dB, respectively. The rectifier has been designed by trial and error based on measured frequency characteristics of the optimized antenna aiming at impedance matching. The measured receiving voltage of the harvester composed of the array antenna is higher than that of the single one by about 1.5 times. These harvesters start working when the input electric field is stronger than about 0.1V/m. We will implement the power management system in these harvesters and use it as a power source of a wireless sensor.
